ABSTRACT Variable frequency drives (VFDs) are the types of power electronic device commonly used to drive motors with a wide range of industrial and practical applications, especially in power systems. VFDs are sensitive to voltage sag, thereby limiting their application. However, the difficulty in determining the detailed voltage sag tolerance characteristics of VFDs is due to various influencing factors, and the tolerance curve obtained from test results is updated as mainstream low-voltage VFDs change. This paper is the first to perform an in-depth analysis on the influence and operation mechanism of voltage sags on VFDs. Voltage sag types, which are regarded as the important influencing factors, are explored for their different impacts on VFDs from the perspective of energy. Then, eight commonly used low-voltage VFDs with small and medium powers (7.5 and 18.5 kW) are selected as the test objects. The influence of voltage sags on VFDs is tested, and the equipment parameters (protection modes and control modes of VFDs, and load torque and speed) and voltage sag characteristics factors (sag types, voltage magnitude before voltage sag, and harmonics) are considered. Finally, the general tolerance curves of the low-voltage VFDs under different sag types are extracted via comprehensive analyses and processing of more than 13 000 sets of test data. Based on the test data, this paper further explores the influence of voltage sag on the motor by using the permanent magnet synchronous motor (PMSM) as an example, which is used as the load during the tolerance test. Operation performance of the PMSM driven by different VFDs is also discussed.
I. INTRODUCTION
Variable-frequency Drive (VFD) is a typical equipment frequently applied in power systems and various industrial and practical fields. These devices are sensitive to voltage sags. When a voltage sag occurs in a power grid, VFDs may trip and cease operation, which may result in the interruption of an entire production process and cause huge economic losses. Voltage sags can also lead to the main fuel trip of a generator unit and further influence the faulted power grid once the auxiliary VFDs in a power plant faults and trips, thereby remarkably affecting the stability of the power grid [1] . Therefore, assessing the voltage sag tolerance capability of VFDs is necessary to propose practical suppression suggestions for power systems, enterprises, and users.
Limited researches have been conducted on trip curves for power electronic devices, such as VFDs, due to their complexity and high cost [2] . Reference [3] presents a methodology for predicting the number of equipment outages due to voltage sags based on the tolerance curve of equipment. However, the targeted equipment curve is not available. Many VFD and voltage sag factors must be considered, and a number of current mainstream VFDs must also be tested to practically obtain the general tolerance curve of VFDs. The main influencing factors are low-voltage protection, over-current protection, load torque and speed, and sag types [4] , [5] . Reference [6] shows the mechanism of VFDs in detail and provides the test results of voltage sag tolerance capability. Reference [7] analyzes the influence of voltage magnitude before voltage sag, harmonics, a shape of voltage sag, pointon-wave and phase shift on the tolerance capability. Reference [8] studies the tolerance curve of commonly used VFDs in Canada with a voltage level of 600V but presents only the waveforms of DC voltage, motor speed and torque for a certain voltage sag. In Reference [9] , voltage sag tolerance characteristics of ASDs and VFDs are studied in a simple industrial process, where only a few factors are considered.
Based on the references mentioned, the voltage sag tolerance curve was not applicable to current mainstream VFDs and limited influencing factors were considered.
Universal standard voltage tolerance curves include ITIC (Information Technology Industry Council) curve that formerly known as CBMEB (Computer & Business Equipment Manufacturers Association) for information and technology industry, SEMI (Semiconductor Equipment Materials International) F47 curve for the semiconductor industry, and voltage tolerance curves for five types of voltage sags proposed by the CIGRE/CIRED/UIE joint working group C4.110 [10] . Anyone of the curves mentioned can describe the voltage tolerance capability of arbitrary sensitive equipment roughly, such as VFDs, but lacks of accuracy. The upper and lower envelopes and the average limit shown in IEEE Std 1346-1998 [11] indicate the voltage tolerance curve standard of VFDs. However, the influence of sag types is not considered in this standard.
The motor is the main type of load driven by VFDs in practical production processes. Even if the driving VFDs could withstand voltage sag occurrences, the torque and speed of the motor would still be affected. So there may be a fault for the motor in applications where precise control is required. Studies have investigated the influence of voltage sags on the motor. Reference [12] shows that voltage sags and interruptions exceeding a certain threshold would cause PMSM to lose synchronous speed and create enlarged stator current and motor torque. Reference [13] focus on the influence of asymmetric voltage sags on the peaks of current and motor speeds. However, the studies mentioned above did not discuss the difference of the voltage sags' influence on the motor driven by VFDs. Therefore, further research on the influence of voltage sags on motors is still necessary.
Therefore, this study considers the comprehensive factors, making it possible to obtain a general voltage tolerance curve for low-voltage VFDs with small and medium power levels. First, this study analyzes the operation mechanism of VFDs and discusses the possible influencing factors of voltage sags on VFDs. Especially, voltage sag types are first taken into consideration to be an important influencing factor for tolerance capability of VFDs. Eight low-voltage VFDs with two types of powers (18.5 kW and 7.5 kW) are chosen for voltage sag tolerance tests. Considering the influencing factors of equipment and voltage sag characteristics, this study extracts different tolerance curves through comprehensive analysis and management of 13,000 sets of data. The influence of voltage sags on the motor is also investigated. PMSM is used as an example to explore the influence of voltage sags on the motor under different VFDs through analysis of the mechanism and test data.
II. MECHANISM OF VFDS AFFECTED BY VOLTAGE SAGS A. OPERATION PRINCIPLES OF VFDS
As shown in Fig. 1 , VFDs are composed of a rectifier, DC voltage stabilizer, inverter, and control loop unit. The rectifier unit is generally a three-phase uncontrollable bridge rectifier for VFDs with small and medium power levels. The threephase AC voltage is input into VFDs and converted to DC voltage by the rectifier unit. Energy is stored in the DC capacitor, and then the DC voltage is converted into AC voltage through the inverter circuit. The motor speed can be adjusted by controlling the switching frequency of the fully controlled devices of the inverter circuit [1] .
B. INFLUENCING FACTORS ANALYSIS ON VOLTAGE SAG TOLERANCE CHARACTERISTICS OF VFDS
The voltage sag tolerance curve of VFDs is generally rectangular in shape. The curve consists of horizontal edges depending on its voltage threshold, vertical edges depending on duration threshold, and the transitional parts, as shown in Fig. 2 . A voltage sag or power interruption whose duration is less than the critical duration will not cause the VFDs to malfunction. Similarly, a voltage sag, whose voltage magnitude is higher than the critical level will not cause the VFDs to trip. Thus, the normal operation area is where the duration is less than the critical duration or where the voltage magnitude is higher than the critical level, and the remaining area is called the fault area. The voltage sag tolerance curve of VFDs may differ due to various influencing factors. The parameters can be divided into two categories of equipment parameters (protection modes, control modes, and load torque and speed) and voltage sag characteristics (sag types, voltage magnitude before voltage sag, and harmonics). This study focuses on analyzing the influencing factors that remarkably affect the voltage sag tolerance characteristics of VFDs.
1) LOW-VOLTAGE AND OVER-CURRENT PROTECTION THRESHOLDS
Generally, VFDs have the DC bus for low-voltage protection and over-current protection to prevent abnormal operation or overload. When a voltage sag occurs, the AC voltage of VOLUME 7, 2019 the input terminal reduces suddenly to mitigate the energy entering VFDs, whereas load power of the output terminal does not change. Thus, the power between the input and output terminals becomes imbalanced. The capacitor on the DC side of VFDs must discharge to regain balance, thereby reducing the voltage on the DC side of VFDs. Therefore, the DC bus voltage is lower than that of the protection threshold, and the low-voltage protection works and the VFDs trip. Instead of low-voltage protection, voltage sag may trigger over-current protection if the duration of the sag is too short. The reasons are that the load power remains unchanged and the input current increases due to the lower input voltage during the voltage sag, and the capacitor is charged by the recover input voltage and may cause an over-current after the voltage sag. The low-voltage protection and over-current protection thresholds directly determine the voltage sag tolerance capability of VFDs. The researches show that the critical duration is mainly determined by the low-voltage protection, and the critical voltage magnitude is mainly determined by the over-current protection. Sometimes the two thresholds may also be determined only by a certain one of the two protections [6] , [7] , [14] .
When the duration of a voltage sag is less than the critical duration, the DC voltage of VFDs will recover before reducing to the threshold of low-voltage protection. Thus, the protection is not triggered. Critical duration is the responding trip time when the voltage sag magnitude is exactly equal to protection threshold. Assuming that the load power is invariant and the VFDs can withstand the voltage sag, the tolerant duration of voltage sag whose corresponding voltage magnitude is V min can be inferred according to principle of energy conservation, as shown in (1) [6] .
where: V 0 is the DC bus voltage before voltage sag; P L is the load power; C is the capacitance on DC side. Equation (1) presents that a decreased low-voltage protection threshold results in an enlarged critical duration when the capacitance and load power are constant. At the same time, a decreased voltage sag magnitude which the VFDs can withstand means their tolerance capability is enhanced.
The more the DC voltage reduces during voltage sag, the bigger the voltage variation on DC side at the moment when the supply voltage recovers, so the charge current is larger. The peak of charge current is as shown in (2) according to theoretical derivation [15] .
where: L is the inductance of smoothing reactor, and its value is usually smaller; V dc is voltage variation on DC side when the supply voltage recovers. According to (2), the higher the over-current protection threshold is, the lower voltage sag magnitude VFDs can withstand during the voltage sag, and so the lower the critical voltage on AC side, the stronger the voltage sag tolerance capability of VFDs is.
2) LOAD TORQUE AND SPEED
The main reason why voltage on DC side reduces when the voltage sag happens is that energy of DC bus is consumed by the load. Most loads behind VFDs are motors, and the relationship between motor torque, speed and power is shown as (3) [15] :
where: T is motor torque; n is motor speed; P is motor power. Equation (3) shows that an enlarged load torque or speed will result in an enlarged load power. The load power determines the decline rate of DC voltage when the capacitance is constant, and a large load power will result in an increased reducing rate of voltage on the DC side. Equation (1) states that an increased load power results in a decreased critical duration of the VFD's voltage sag tolerance curve. Therefore, enlarged load torque and speed will cause a weaker voltage sag tolerance capability for the VFD.
In addition, it is found in the tests that the voltage sag has different effects on the operating characteristics of the PMSM under different VFDs. It will be discussed further in Section V. 
where: E is the rated voltage; X is phase voltage of Type I voltage sag; V is phase voltage of Type II voltage sag; U is phase voltage of Type III voltage sag. According to the phase voltages, instantaneous values of line voltages u AB , u BC , and u CA can be computed according to phase voltage equations, which are shown in (7) - (9).
where:
). Based on the above analysis, when the rectified current is continuous, the DC voltage U d1 , U d2 , and U d3 of VFDs for Type I, Type II, and Type III voltage sag is the average of line voltages and can be inferred respectively as shown in (10) - (12) .
where: 
To better compare the DC voltages for the three types of voltage sags, set magnitudes of the sag phases of Type I, Type II, and Type III voltage sag as 0.5E, where X = U = 0.5E and V = 0. When the rectified current is discontinuous, compute the range of peak of line voltage to obtain the DC voltages on the three voltage types of sags during no-load run, where U d1 ∈ (1.87E, 2.45E), U d2 ∈ (0, 2.12E), and U d3 = 1.22E. Substitute X = U = 0.5E and V = 0 into (10)- (12), the DC voltages can be obtained as U d1 = 1.70 E, U d2 = 1.35 E, and U d3 = 1.17 E when the rectified current is continuous on the three types of voltage sags. For Type II, the DC voltage at no-load run must be larger than that during load, and the rectified current changes from intermittent to continuous when the load increases gradually. Thus, the DC voltage at no-load run must be larger than that at continuous current, which can be expressed as U d2 ∈ (1.35E, 2.12E). From the above analyses, the DC voltages of VFDs decrease in turn for Type I, Type II, and Type III voltage sags both at noload and at load. And the probabilities that three types of voltage sags trigger the low-voltage protection increase in turn. Therefore, the tolerance capability of VFDs to withstand Type I, Type II, and Type III voltage sags also weakens.
4) CONTROL MODES
At present, the commonly used control modes of VFDs are V/f control and vector control. V/f control is the simpler way to control the output voltage of VFDs. It makes motor keep its magnetic flux constant by taking control of the ratio of voltage V to frequency f to be constant so that the motor can run under the magnetic flux saturation state and its efficiency is improved. However, the adjustment range of V/f control is limited. When a voltage sag occurs, the dynamic control performance of motor is poor, which makes it difficult to accurately and stably control the operation of the motor. Therefore, most studies believe that the VFDs under the V/f control mode are more sensitive to voltage sag than that under vector control [14] .
Vector control, known as a high-performance mode, converts the three-phase stationary coordinates of the motor stator into two-phase orthogonal rotating coordinates through coordinate transformation so that the three-phase stator alternating current is equivalent to a two-phase orthogonal direct current. And the decoupling control is realized by controlling VOLUME 7, 2019 its electromagnetic torque and the flux linkage following the control way of DC motor.
5) VOLTAGE MAGNITUDE BEFORE SAGS
In power systems, the nominal voltage of the PCC is often not 1 p.u. due to fluctuations in output of generation units and load and changes of power grid structure. Before the voltage sag occurs, the supply voltage magnitude of VFDs shall be within the allowable range, that is, 0.9 p.u.
6) HARMONICS
There are a large number of nonlinear components such as power electronic devices in power systems. They inject harmonic current into the systems, causing harmonic distortion of the voltage at the PCC point. The harmonics will affect the natural phase-change point of the rectifier diode of VFDs so that the voltage sag tolerance characteristics of VFDs are changed. According to the regulation of national standard [17] , the total harmonic distortion (THD) of the PCC point at less than 1000V voltage level shall not exceed 8% and the odd harmonic content shall not exceed 5%. Reference [7] studies the influences of harmonics at different orders and phase on VFDs' tolerance capability when THD is 20%, and finds that 5th harmonic of 0 • and the 7th harmonic of 180 • will weaken the sag tolerance capability of VFDs, and the 5th harmonic of 180 • will strength its sag tolerance capability, and the other harmonics will not affect the sag tolerance characteristics of VFDs. However, it mainly targets VFDs in one brand and the tested objects are too few. In addition, the THD value in the actual grid is usually far less than 20%, so the conclusion may not apply to the actual situation.
III. TEST PROGRAM A. TEST PLATFORM
During the tests, the tested VFDs are used to drive PMSM which is a back-to-back combination of the motor (PMSM 1 ) and the generator (PMSM 2 ) when it is powered, and the energy of assembly returns back to the grid by the feedback VFD. The test platform mainly contains voltage sag source, control computer, tested VFD, PMSM, feedback VFD, a torque sensor and wave recorder. The wiring diagram of the test platform is shown in Fig. 3 .
There are 8 tested objects including 7 brands of low-voltage VFDs with higher market share whose rated power is 18.5 kW or 7.5 kW. The parameters of the 8 VFDs are shown in Table 1 . And the parameters of PMSM are shown in Table 2 . 
B. TEST INFLUENCING FACTORS
The test takes motor torque and speed, control modes, voltage sag types, voltage magnitude before voltage sag, and harmonics into consideration to determine how the factors affect the operation of VFDs. The parameter settings of test influence factors are shown in Table 3 , and something shall be noted is as follows:
• Type III is the voltage sag type under the test factors except for voltage sag types themselves. When a certain influencing factor is tested, other factors are set to default, that is, the motor torque and speed are set to 100%, the control mode is vector control, the voltage magnitude before voltage sag is at 100%, and no harmonics are available.
• The low-voltage protection and over-current protection are not regarded as the test influencing factors because the manufacturers of some tested VFDs do not open editing functions of the two protections, which make the protection thresholds cannot be set. During the test, a computer controls the voltage sag source to obtain voltage sags and short interruptions. The state of PMSM is recorded to judge whether the VFDs can tolerate a disturbance. The voltage sag magnitude or duration is changed to obtain the critical tolerance of the tested VFDs by successive approximation method. Thus, the data used to determine a voltage sag tolerance curve of certain equipment is attained. The tolerance curve is constructed by analyzing and processing the data.
IV. TEST RESULTS AND ANALYSIS

A. INFLUENCE OF LOAD TORQUE AND SPEED
Voltage sag tolerance curves of VFDs under different motor torque are obtained after processing of the test data. And taking the test results of VFD 1 and VFD 5 as examples, the voltage sag tolerance curves of them are shown respectively in Fig. 4 (a) and Fig. 4 (b) . Judging from Fig. 4 , as the motor torque is increasing from 0% to the rated torque, the critical duration of VFD voltage sag tolerance curve is decreasing with the larger magnitude range, and the critical voltage magnitude has a tendency to increase with the smaller magnitude range and fluctuates around 70% of rated voltage magnitude. Therefore, the larger the motor torque is, the weaker the voltage sag tolerance capability of VFDs is, which is consistent with the mechanism analysis.
Voltage sag tolerance curves of VFDs under different motor speeds are obtained after processing of test data. And taking the test results of VFD 1 and VFD 5 as examples, the voltage sag tolerance curves of them are shown respectively in Fig. 5 (a) and Fig. 5 (b) . In theory, the faster the motor speed is, the larger the load power is, and the weaker the voltage sag tolerance capability of VFDs is. And it can be seen from the test results that the critical duration decreases while critical voltage magnitude increases for VFD 1 with the increase of the motor speed, which is consistent with the mechanism analysis, but the tolerance curves of 75% n N and 50% n N are overlapping. And the test results of VFD 5 show that the critical voltage magnitude increases with the increase of the motor speed, but the critical duration does not strictly consistent with the relationship with motor speed: the critical duration of 75% n N and 50% n N is longer than that of 100% n N . This is related to the control performance of the VFD. The control performance of VFDs is more stable and the output PWM waveform is more integrated at rated motor speed so that it is less susceptible to the fluctuation of the power supply voltage comparing with VFDs at the lower motor speed [6] . Fig. 6 shows the Type III voltage sag tolerance curves of the 8 VFDs at rated speed and torque, from which we can see that VOLUME 7, 2019 the critical duration that the 8 VDFs can tolerate is ranging from 12 ms to 62 ms, and the critical voltage magnitude is ranging from 64% to 73%; different VFDs have obviously different tolerance curves, while VFDs in different power do not show apparent difference in tolerance curves. 
B. INFLUENCE OF VOLTAGE SAG TYPES
The obtained tolerance curves of Type I, Type II, and Type III voltage sags are shown in Fig. 7 with rated motor torque and speed and vector control mode. From Fig. 7(a) , we can see that the tolerance curve of VFD 5 on Type III voltage sags has the maximum fault area with the minimum critical duration and the maximum critical voltage magnitude; the tolerance curve of VFD 5 on Type I voltage sags has the minimum fault area with the maximum critical duration and the minimum critical voltage magnitude; the tolerance curve of VFD 5 on Type II voltage sags has critical voltage magnitude of 50%, while it does not have critical duration. From Fig. 7 (b) , we can see that the tolerance curve of VFD 3 for Type III voltage sags has the maximum fault area and the tolerance curve of VFD 3 on Type II has the minimum critical voltage magnitude, and VFD 3 is immune to the Type I voltage sags so that there is no tolerance curve of VFD 3 on Type I. In conclusion, the tolerance capability of VFDs for Type I, Type II, and Type III voltage sags decreases in turn, which is consistent with the mechanism analysis.
Particularly, the tolerance curve of VFD 2 shown in Fig. 7 indicates that the VFD is more sensitive to Type I voltage sag than Type II, which is different with the mechanism analysis. It is found that Type II and Type I voltage sags will not trigger low-voltage protection or over-current protection in VFD 2 and there is another protection mode open-phase protection in VFD 2 except the protections mentioned above during the tests. Open-phase protection makes VFDs trip if there is one of the phases whose voltage is less than a certain threshold. The severest Type II voltage sag is set to be 50% voltage magnitude and 1 min duration [16] , which does not exceed the threshold, so VFD 2 is immune to Type II voltage sag. Table 4 shows the immunity capability of 8 VFDs on Type II and Type I voltage sags. 
C. INFLUENCE OF CONTORL MODES
The default control mode of these 8 VFDs is vector control. Fig. 8 shows the tolerance curves of VFD 1 under V/f control and vector control, the voltage sag type kept Type III and the motor torque and speed kept rated during the tests. When the motor torque and speed are both rated, VFDs under V/f control mode is a little bit more sensitive than they under vector control mode, because vector control mode improves the stability of control on VFDs and makes VFDs stronger immunity ability. 
D. INFLUENCE OF VOLTAGE MAGNITUDE BEFORE VOLTAGE SAG
The tolerance curves under different voltage magnitudes before voltage sags have been obtained after analyzing and processing the test data, and the tolerance curve of VFD 1 is shown in Fig. 9 . It is shown that the voltage magnitude before voltage sag mainly affects the critical duration, and the smaller the voltage magnitude on AC side before voltage sag is, the smaller the voltage on DC bus is, so the critical duration of VFDs' tolerance curve is smaller.
E. INFLUENCE OF HARMONICS
The tolerance curves of VFDs under the combination of 3rd, 5th and 7th harmonics are shown in Fig. 10 . It can be seen that the tolerance capability decreases slightly as the total harmonic distortion increases from 5% to 10%.
F. GENERAL TOLERANCE CURVE OF LOW-VOLTAGE VFDs
A large number of tolerance curves were extracted through plenty of repetitive tests on the 8 VFDs. And envelop these tolerance curves respectively for different types of voltage sags by processing about 13000 test data under rated torque and rated speed. First, the maximum and minimum values of withstanding duration under a certain voltage magnitude are selected, and then the maximum and minimum withstanding duration are connected to obtain the envelope of the tolerance curves. Considering that VFDs usually operate at rated torque and speed in actual application, tolerance curves of VFDs extracted on different types of voltage sags are all on the rated working conditions.
1) THE GENERAL TOLERANCE CURVE OF VFDS ON TYPE III VOLTAGE SAGS
When Type III voltage sags occur, the tolerance curve of VFDs has two envelopes and a region where the state of the VFDs between them is uncertain. The critical duration is from 10 ms to 62 ms, and the critical voltage magnitude is from 64% to 76%. These tolerance curves obtained from the current tests are compared with the ITIC, SEMI, and C4.110 curves. However, the shapes of these curves do not match exactly with one other. Compared with the critical duration and critical voltage magnitude of VFDs specified in IEEE Std 1346-1998 in 1998. Differences were found in the critical ranges obtained from the voltage sag tolerance tests of the eight VFDs in this study. Critical voltage and critical duration magnitudes of the upper envelope decreased by 6% and 23 ms, respectively. Thus, the current ability of the most sensitive VFDs to withstand voltage magnitude is improved but their ability to withstand voltage sag duration is diminished. Critical voltage magnitude and critical duration of the lower envelope increased by 4% and 8 ms, respectively. Therefore, the immunity ability of current VFDs that are the least sensitive to voltage sag is diminished. Overall, the voltage sag tolerance capability of current VFDs is not consistent with the standards mentioned. This general tolerance curve obtained in these repetitive tests may provide an important reference for the development of Type III voltage sag tolerance standards for low-voltage VFDs. Fig. 12 shows that the tolerance characteristic of VFDs on Type II voltage sags is approximately a horizontal curve, and the sag magnitude fluctuates between 50% and 66%; whereas the tolerance characteristic of the VFDs on Type I voltage VOLUME 7, 2019 sags is approximately rectangular, and the critical value of duration is 19 ms and the voltage threshold fluctuates between 37% and 46%. The tolerance curves for Type I and Type II sags proposed by C4.110 are not consistent with the tolerance characteristics of tested VFDs. The general tolerance curve obtained from the test can provide an important reference for the development of relevant standards.
2) THE GENERAL TOLERANCE CURVE OF VFDS ON TYPE I AND TYPE II VOLTAGE SAGS
Unlike Type III voltage sags, some VFDs are immune to Type I and Type II voltage sags, and their tolerance curves cannot be drawn on the VT plane. Therefore, VFDs only have an upper envelope for tolerance curve of Type I and Type II voltage sags. It divides the VT plane into two areas. The area above and below the envelope are the normal and uncertain areas, respectively.
The general tolerance curves of the VFDs for different sag types under the rated torque speed is shown in Fig. 13 , which offer important references to develop the VFDs' tolerance curve standard, improve the performance of VFDs, and promote the voltage sag management. 
V. INFLUENCE OF VOLTAGE SAG ON THE OPERATION PERFORMANCE OF PMSM
As the load in the tests on voltage sag tolerance characteristics of VFDs, PMSM will lose synchronous speed in a short time even if the VFD can withstand voltage sag, and its performance differs obviously when driven by different VFDs. Therefore, this section first analyzes the mechanism of the effect of voltage sag on a PMSM, and then studies the influence of voltage sag on the operating characteristics of the motor based on the data obtained from the voltage sag tolerance tests.
A. THE INFLUENCE MECHANISM OF VOLTAGE SAG ON THE PERFORMANCE OF PMSM
The simplified mathematical model of PMSM is shown as (13) , and its electromagnetic torque equation and mechanical movement equation can be shown as (14) and (15) [18] .
where U For the PMSM driven by a VFD, the VFD is first affected when a voltage sag event occurs. If protections of VFD are not triggered when the voltage on the DC side has been the minimum, the output voltage of the VFD, which supplies the motor and is equal to phase voltage of motor stator, will be lower than the rated voltage. Thus, the PMSM will operate in a low-voltage state. According to (13) to (15), when the motor input voltage u d and u q decrease, i d and i q will decrease, thereby resulting in a decrease in electromagnetic torque and an imbalance between electromagnetic and load torques. However, the mechanical response speed is much smaller than the electromagnetic response speed. Thus, motor speed does not change immediately. Generally, motor speed decreases after a few seconds. When the voltages on the DC and AC sides of the VFD are balanced, the voltage on DC side stops decreasing. The stator current magnitude, electromagnetic torque, and motor speed exhibit a slight step phenomenon, and then return to normal and finally enter a balanced stage due to the PI control of PMSM [19] . At the end of the voltage sag, the recover balance between DC side voltage and the supply voltage is broken again. The duration of this process is almost negligible, whereby the stator current suddenly increases due to the steep increase of the stator phase voltage, which contributes to the increment of the electromagnetic torque and motor speed. Then, PMSM recovers to normal operation after a brief control period. If the duration is extremely short, then no equilibrium stage may exist. Therefore, the duration of the sag also affects the variation of the motor speed and stator current throughout the process.
B. TEST DATA STUDY ON INFLUENCE OF VOLTAGE SAGS ON PMSM
The most important difference among VFDs is how they are controlled, which lead to the varied performance of PMSM. So the waveform of VFD 1 on V/f control mode and vector 
1) THE INFLUENCE OF DIFFERENT VFDS ON MOTOR SPEED
The waveforms of the motor speed under the driving of VFDs is shown in Fig. 14 , and the corresponding sag magnitude is 71% and the duration is 1 s.
It can be seen from Fig. 14 that: a) After the sag occurs, the motor speeds driving by the different VFDs change significantly, and the change process is basically the same, including speed reduction or vibration, recovery, and smoothing process, and the motor speed would accelerate abruptly and gradually recover at the end of the sag; b) There is a difference in the decline depth of motor speed in the conditions of different VFDs on the same control mode and the same VFD on different control modes during the voltage sag. The motor speed suffered the biggest decrease under VFD 1 on vector control mode, the motor speed decreases most slightly under VFD 2 on vector control mode, and the motor speed under VFD 1 on V/f control mode experienced oscillation. c) The recovery duration of PMSM driven by different VDFs is obviously different. The recovery time of PMSM under VFD 2 on vector control mode is the shortest, only about 0.15s, while it is the longest, about 0.6 s, for VFD 1 on V/f control mode; d) After the voltage sag ends, there is a difference in the increase of the motor speed under different VFDs. The motor speeds both increase at first and then recover under VFD 1 and VFD 2 on vector control mode, while the motor speed significantly vibrates under the driving of VFD 1 on V/f control mode. Besides, the recovery process on vector control mode is shorter with slight fluctuation, and that on V/f control mode is longer with oscillation.
2) THE INFLUENCE OF DIFFERENT VFDS ON STATOR CURRENT
The waveforms of the A-phase stator current of the motor driven by different VFDs during the sag is shown in Fig. 15 . The corresponding retained voltage is 71% and the duration is 1 s.
It can be seen from Fig. 15 that the change process of the stator current is similar to that of the motor speed, and the waveforms of the motor current of the VFD on vector control mode and V/f control mode are different with each other.
For the motor driven by VFDs on vector control mode, the stator current first enters the declining process when a voltage sag occurs, and its duration is extremely short. Then a step-rise is observed in the stator current, whose duration of VFD 2 is shorter than VFD 1 . Thereafter, the stator current undergoes a process in which the stator current becomes stable and is likely more than 50% of the rated current. When the voltage sag is over, the stator current has a transient surge.
For the motor driven by VFD 1 on V/f control mode, the change stage is basically consistent with that of the motor driven by VFDs on vector control mode. However, the increase and decrease on vector control mode becomes an oscillation with longer recovery duration on V/f control mode.
VI. CONCLUSION
This study analyzes the mechanism and phenomenon of After comprehensive analyses and processing of more than 13,000 sets of test data, the general tolerance curves of the low-voltage VFDs for the various types of voltage sags are extracted, and the sag tolerance characteristics of VFDs under actual conditions are revivified. The general tolerance curves have strong representativeness and can provide the basis for the voltage sag tolerance analysis and the voltage sag mitigation measures of VFDs.
Voltage sags cause PMSM driven by VFDs to lose synchronous speed for a short time and cause the stator current to undergo a process similar to that of motor speed. The influence of same VFD varies with different control modes on the operation performance of PMSM, and the influence of different VFDs also varies with same control mode on the operation performance of PMSM. Therefore, considering the characteristics of VFDs and PMSM is necessary in selecting the appropriate combination in engineering.
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